Abstract: Tooth bleaching agents may weaken the tooth structure, therefore, it is important to minimize any risks of enamel and dentine damage caused by them. In this way, different materials have been used to avoid or minimize the tooth damage during bleaching. Recently, bioactive glasses have been demonstrated to be effective in mineralization of dental structures. Therefore, this study evaluated the effect of BioSilicate (a polycrystalline bioactive glass-ceramic) after bleaching by Laser-induced breakdown spectroscopy (LIBS) technique. Bovine dental blocks with 4 × 4 × 3 mm were obtained (n = 20), sequentially embedded in epoxy resin and then polished. Bleaching was performed using 35% hydrogen peroxide (Whiteness HP). Calcium (Ca) and phosphate (P) intensity values by LIBS were obtained before the treatment (T0, baselinecontrol Group), after bleaching (T1), and after BioSilicate application (T2). The use of BioSilicate after bleaching showed to be an optimal way to remineralize enamel surface making BioSilicate application a promising adjunct step to avoid or minimize the mineral loss on enamel surface after bleaching.
Introduction
Dental bleaching has been described as a simple and conservative procedure for aesthetic restoration of vital and non-vital discoloured teeth. Currently, there are many bleaching agents commercially available with various components and concentrations, such as hydrogen and carbamide peroxide that could be used in the dental practice office or at home and still can be used in association with different kinds of light-sources in order to improve the oxidation reaction [1] [2] [3] .
Several studies have been carried-out in order to evaluate the adverse effects produced during and after bleaching procedures [4] [5] [6] . Bleaching agents include those designed for professional use only that contain high concentrations of peroxides (35 to 37%), and patient-applied tooth whiteners with low carbamide (10 to 20%) and hydrogen peroxide (3 to 7.5%) concentrations [7] .
It is currently known that teeth are bleached by an oxidation-reduction reaction caused by the decomposition of the hydrogen peroxide into free radicals such as oxygen and perhydroxyl. Due to the absence of an electron on the last atomic layer, the free radicals, oxygen (O•) and perhydroxyl (HO2•) − , are extremely reactive and electrophilic, being able to diffuse throughout enamel and dentin matrix to attack the macromolecules of pigments (organic molecules) and acquire stability. After this interaction, the intrinsic pigments, once composed by highly unsaturated organic macromolecules, are converted into less complex molecules, which are smaller and lighter than the original ones [8] .
Nevertheless, this reaction is unspecific and the organic and inorganic matrix of the enamel and dentin might be affected by the bleaching agents, leading to undesirable effects, such as topography alterations and mineral loss [9] [10] [11] [12] . Evidence shows that the enamel undergoes structural changes when exposed to different bleaching agents compromising its composition and morphology [13] . Other studies show that bleaching decreased the enamel mineral content, especially lowering calcium and phosphate, hence altering the chemical, structural, and teeth's mechanical properties, due to demineralization. Also, loss of enamel hardness was detected, as bleaching agents are not limited to the enamel surface alone, but can also be present in the sub surface within in the outermost layer [14, 15] . Therefore, bleaching affects the organic and the inorganic components of enamel, increasing the susceptibility to erosion, reducing fracture stability and/or decreasing abrasion resistance of the bleached dental hard tissues [13, [16] [17] [18] [19] .
In order to avoid or minimize the microstructural changes on enamel during and after tooth bleaching, different materials and protocols have been used. Conventionally, topical fluoridation is used to increase the hardness and acid resistance of demineralized teeth. As shown in other publications, when topical fluoride is applied following bleaching, mineral loss is significantly reduced [20, 21] .
More recently, bioactive glasses and glass-ceramics have been demonstrated to be effective in bone regeneration [22] and dentine hypersensitivity (DH) [23, [26] [27] [28] . The similarity between bone, dentine and enamel led to the hypothesis that bioactive glasses and glass-ceramics could be efficient to provide permanent or more durable occlusion of dentinal tubules, remineralization of enamel surface and induction of bone formation through in-situ deposition of hydroxycarbonateapatite (HCA).
In order to evaluate mineral loss after tooth bleaching, direct and indirect techniques have been used. The trace element concentration of dental tissue is traditionally studied by a bulk sampling approach [29, 30] . Further techniques include the mechanical (grinding, drilling) or chemical (acid dissolution) separation of successive enamel layers and their posterior analysis [31] . For many years, these layers have been studied by modern analytical techniques, such as X-ray fluorescence (XRF) [31] , particle (proton)-induced X-ray emission spectroscopy (PIXE) [32] or secondary ion mass spectrometry (SIMS) [33] . Very few researchers have used photonic techniques for this purpose [34] [35] [36] .
LIBS (Laser Induced Breakdown Spectroscopy) is an emerging analytical technique based on atomic and ionic emission of the elemental constituents of a sample [37] [38] [39] [40] [41] [42] . This technique can be recognized as a potentially useful tool for the analysis of calcified tissues such as teeth, particularly for its ability to discriminate decayed tissue from healthy tooth tissue [39] [40] [41] . LIBS is able to perform simultaneous multi-elemental direct analysis, dispensing or with minimal sample pre-treatment, besides showing potential to perform in vivo analysis. Qualitative analysis of the emitted spectrum can give a fingerprint of the elemental composition of a sample [43] . One of the rapidly expanding areas of research in bio-LIBS concerns the biomedical applications of LIBS: its use on human tissue samples or in systems relevant to human health and disease [44] [45] [46] [47] [48] . Despite all the above cited potential, elemental teeth analysis from LIBS has been understudied.
Therefore, the purpose of this study was to evaluate the effect of BioSilicate on the enamel surface after tooth bleaching. The null hypothesis states that the application of BioSilicate after tooth bleaching does not provide the remineralization of enamel surface evaluated using LIBS technique.
Materials and Methods

Specimen's preparation
Non-damaged 10 bovine intact incisors were selected and stored in 0.1% thymol solution at room temperature until required. From each crown two enamel-dentine specimens with 4 × 4 × 3 mm (n = 20) were prepared from the labial surface using a cutting machine IsoMet 1000 (Buhler, Lake Bluff, IL, USA). After that, these specimens were embedded in a polyester resin (SiquiplasCris Light Resin, Siquiplas, São Paulo, Brazil) such that the enamel surface faced upward and then they were ground flat and polished with water-cooled abrasive paper (800, 1200, 1500 grit-3M) in a polishing device (DP-10, Panambra, São Paulo, Brazil). After preparation, the specimens were stored in distilled water to avoid dehydration until the beginning of the experiments.
Tooth bleaching experiment
The dental bleaching treatment was performed just on the enamel surface (4 × 4 mm) of the specimens (n = 20) using a commercial 35% hydrogen peroxide bleaching gel Whitness HP (FGM, Produtos Odontológicos Ltda, Joinvile, Santa Catarina, Brazil). According to the manufacture, this gel is composed of two components. The first is a solution of 35% hydrogen peroxide containing an acrylic thickener, which in an acidic environment is a white solution (solution A -pH 1.5). The second consists of an aqueous solution containing an alkaline substance (solution B -pH 11.3) in which the chemical activator was added. For obtaining the final bleaching gel (pH 6.5) three parts of solution A and one part of solution B in volume were mixed in a mixing well. The bleaching gel was applied over the surface of the specimens in a 2 mm thick layer (approximately 0.1 g). It remained on the surface for 15 min, being gently stirred after 5 min using a plastic instrument to dislodge the bubbles formed. The gel was removed using a vacuum aspirator and a new layer was applied following the same steps described. The second layer of gel was removed and a third layer was applied, in the same way as the previous two. This means that the bleaching gel remained on the enamel surface for a total of 45 min, simulating the protocol based on the manufacture instructions. After bleaching, they were stored in distilled water and the bleaching was repeated twice with 1 week interval.
Biosilicate application
BioSilicate is a fully crystallized bioactive glass-ceramic powder of the P 2 O 5 -Na 2 O-CaO-SiO 2 system. A 4 µm average diameter powder was prepared (particle size determination was performed by the Laser diffraction analyzer Horiba, LA-930, JP), and then 15 mg was mixed with a hidroxipropilmetilcelulose gel (HPMC) using a weight ratio of 25:75 immediately before the application over the enamel surface, this mixture can be observed in Figure 1 . The application was made just once and remained over the enamel surface for 12 hours held by a bleaching tray made for each specimen.
LIBS (Laser-Induced Breakdown Spectroscopy) Analysis
The LIBS spectra of the specimens were captured using a commercial system, Ocean Optics LIBS2500 (USA). This system comprises seven spectrometers with a resolution of 0.1 nm (FWHM) for the spectral analysis ranging from 188 to 980 nm; a Q-switched Nd:YAG Laser at 1064 nm, manufactured by Quantel (Big Sky Laser Ultra50); an ablation chamber; a lens for focusing the Laser beam and an optical system consisting of a lens and an optical fiber bundle to collect plasma emission and to conduct it to the spectrometers. Each site was irradiated employing two consecutives Laser pulses, so that the spectrum obtained corresponded to the instrumental average of two Laser pulses. A previous Laser pulse was always used to clean the specimen surface before obtaining the experimental spectrum. These 3 Laser shots allowing an analysis from surface up 100 µm of depth. For each enamel surface, 15 measurements were performed, each one corresponding to 3 accumulated shots and the average of spectra from each specimen (15 measurements) was considered as a single measurement. The LIBS equipment was settled to the energy of 50 mJ, 8 ns pulse with a 6 µs delay time (relative to a Q-switch delay) and a 2.1 ms integration time for all measurements.
Elemental quantification from a LIBS spectrum requires properly choosing the emission lines. The chosen intensity of the emission lines was neither low nor high to remain over the detection limit and to avoid reabsorption of emitted photons. The offset was corrected by subtracting the average of the random noise region close to the element emission line; the signal-to-noise ratio was improved by averaging over 15 spectra. The measurements were performed before (baseline, control Group), after bleaching and after application of Biosilicate .
The average emission intensity of each element was analyzed initially with a normality Anderson-Darling test between the differences of each treatment pair data. As data showed a normal distribution, the compared paired Student t-test was performed, and the differences were considered to be statistically significant when the p-values were less than 0.05. Figure 3 illustrates a typical LIBS spectrum obtained from an untreated enamel surface specimen (before bleaching), where many emission lines can be observed. Spectra were recorded in the range of 190-950 nm. Figure 4 shows the graphics of each emission lines for Ca I (430.25 nm), Ca I (671.74 nm) and Ca I (720.24 nm) respectively, at different moments: no treatment -used as control Group (solid line), after tooth bleaching (dot) and BioSilicate application (dash dot).
Results
The analysis could be performed qualitatively or quantitatively and with reasonable spatial (lateral and depth) resolution. Figure 5 shows the bar graphic of relative intensity, and Table 1 shows the statistical analysis regarding calcium element at different moments (before, after bleaching and after BioSilicate application).
In Figure 5 and Table 1 it is possible to observe that Ca I (430.25 nm), Ca I (671.74) and Ca I (720.24 nm) presented a significant decrease in their intensity (p < 0.05) after bleaching. The specimens that received the application of the BioSilicate showed a significant increase in Ca 
intensity (and consequently in the concentration of this element).
In comparison to the bleached enamel surface (p < 0.05) and to the untreated surface ( * p > 0.05), we found that intensities values are statistically identical, indicating remineralization of the dental enamel. For P I (253.60), a decreased intensity was also detected after bleaching. Considering the significance range of 0.1, they are indeed significantly different. Regarding the NT -BIO (after bleaching), there was an increase of the intensities values when compared to after bleaching treatment.
Discussion
In-office bleaching is considered a short-term treatment and it should not represent a risk to the enamel surface minerals. In the present study, using LIBS analysis, the application of BioSilicate after bleaching indeed remineralize enamel surface. Therefore, the null hypothesis tested was rejected. In this study, specimens of bovine enamel were evaluated regarding mineral loss after bleaching and whether the application of a bioactive glass-ceramic material, BioSilicate , could provide remineralization of enamel surface. Bovine teeth were used since they were recognized as a reliable pattern, substituting human enamel in in vitro studies due to their similarity of physicochemical properties to human teeth regarding composition, density, hardness and tensile strength [49, 50] .
The aprismatic superficial enamel generally presents itself hypermineralized, being rich in fluorapatite, thus being more resistant to demineralization [51] . In order to evaluate the remineralization by Biosilicate more precisely and also to minimize the variance among teeth spec-imens, this layer was removed and polished to retain a uniform mirror-like surface [51] . Likewise, only distilled water was used to store the bovine enamel specimens during treatment intermission, since artificial saliva could remineralize the enamel and interact with the bioactive glass-ceramic, hence, interfering with the protective effect against hydrogen peroxide [52] .
Before bleaching regime the specimens were evaluated and the initial measurements obtained by LIBS were recorded. These values were used as a control (baseline) Group.
The LIBS analysis of the bovine enamel surface resulted in a complex spectra of emission line as follow in Figure 2 . According to Figure 4 it was possible to observe the different spectra of emission lines for calcium. Other trace elements were identified on the complete enamel spectra, but are not shown. Only few papers are found in literature applying LIBS for the elemental determination over teeth. For instance, Samek et al. (2000) showed the clinical application of LIBS for the analysis of teeth and dental materials [46] . In this study, the technique was successfully applied to identify the elements: P (I), Mg (II) and (I), Fe (I), Ca (I) and (II), Ba (II), Sr (I), Na (I), among others, demonstrating the usefulness of LIBS technique in the detection and monitoring of a wide range of elements in human teeth. Samek et al. (1999) [45] showed that elemental analysis of teeth is feasible using LIBS. Using this technique, they could quantify the concentrations of aluminium in teeth, attributing its presence to the use of toothpaste with whitening additives and the use of other tooth fillings materials. Fortes et al. proposed a new method to determine the Sr/Ca changes in hard dental tissues based on Laser ablation and spectroscopic detection. By using femtosecond Laser-Induced Breakdown Spectroscopy (fs-LIBS), they could micro-map the relative amount of strontium over the enamel of three human lower third molars [39] . Although, direct and indirect techniques such as cited in the introduction section could be used to evaluate the remineralization of enamel surface, in this study we used LIBS technique. This choice could be explained because Laser-induced breakdown spectroscopy (LIBS) enable absolute and quantitative analysis of elements contained in teeth. This method for elemental analysis is based on the spectral analysis of plasma emissions generated by the irradiation of high-powered Laser pulses [53] . LIBS is different from other element analysis methods [54] and needs no samples pre-treatments. Thus, it can analyze very small amounts of different chemical elements in real time. Many groups have applied LIBS methods to biomedical applications because they can be used in vivo and are less invasive for diagnosis in a variety of soft and hard tissues [55] [56] [57] . In dental applications, many groups have proposed LIBS methods for caries detection that analyze element contents in teeth [45, 58] and some groups have shown results from in vivo studies [44] . LIBS technique can show as a disadvantage the sampling depth. Few micrometers (< 100 µm, estimated value) could be evaluated. To achieve deeper layers, we need to polish the sample or accumulate several Laser shots [37] .
In the present study, as expected, hydrogen peroxide induced enamel mineral loss after bleaching and this process can lead to demineralization of the enamel surface and compromise its mechanical properties. Hydrogen peroxide is one of the most used bleaching agents commercially available today and is a substance that is capable of significantly alter the enamel surface. Its action is generally linked to its oxidizing properties, which can break organic molecules claiming not to dissolve the enamel matrix, eventually producing clearer compounds. However, long exposure periods could result in dissolution of the enamel matrix [59] .
In order to avoid or minimize demineralization of enamel surface after bleaching, the use of BioSilicate immediately after the bleaching protocol was proposed in this study. The application of BioSilicate after bleaching provided an increase of intensity regarding Ca and P indicating the remineralization effect of the biomaterial against hydrogen peroxide.
A recent study, carried out by Gjorgievska and Nicholson [59] , showed that using the golden standard bioglass 45S5 (NovaMin ) incorporated in toothpastes after bleaching could remineralize the enamel surface by increasing the superficial Ca and P contents [59] . Regarding the increase of superficial Ca, the findings in this study indicate that using Biosilicate after bleaching can enhance mineral gain in enamel surface.
It is important to consider that the bioactive glassceramic used in this study (Biosilicate ), as an inorganic compound in the class of highly biocompatible materials, reacts rapidly in aqueous environments, releasingin a fast rate -ions such as Ca 2+ , Na + , and PO 3− 4 to the medium [60] . When bioactive glass or glass-ceramic particles get in contact with saliva or water, they rapidly release sodium, calcium and phosphorous ions into the medium which are available for remineralization of the tooth surface [60] . In this study, distilled water was used, since any additional influence over remineralization of enamel surface, i.e. by using artificial saliva, wanted to be avoided. So, all Ca and P gain during treatment came only by the leaching reactions of the bioactive glass-ceramic.
As described by many authors, the rapid ionic exchange of Na + with H + or H 3 O + at biomaterial/liquid interface, lead to a rapid increase of pH [51, 60, 61] . Also, the great amount of Ca 2+ and PO 3− 4 released by the biomaterial formed a supersaturated ionic reservoir for the enamel apatite. After the bioactive glass-ceramic network dissolution, silanols underwent rearrangement by polycondensation and served as a nucleation site for the precipitation of amorphous calcium phosphate phases and HCA [61] . The presence of free calcium and phosphate ions together with undissolved bioactive glass-ceramic particles is described to form a protective calcium phosphate-rich layer on enamel surface [51] .
Bioactive glass particles have been also reported to attach to the tooth surface and continue to release ions, consequently, remineralizing the tooth surface after the initial application [62] . These particles have been shown, in in vitro studies, to release ions and transform into hydroxycarbonate apatite (HCA) for up to two weeks [60, 62] .
Although this study shows good results with BioSilicate application after bleaching as a supplement to help gaining minerals or to avoid and minimize demineralization, further in vitro studies are warranted to show the beneficial effect of the application and incorporation of BioSilicate into tooth bleaching therapy using different protocols.
Conclusion
Within the limitations of this study, it was possible to conclude that bleaching with a 35% hydrogen peroxide solution resulted in significant mineral loss of enamel surface. The application of BioSilicate after bleaching was a good way to provide remineralization on enamel surface, making the application of this bioactive glass-ceramic material a promising adjunct step to be used after bleaching therapy to avoid or minimize the damage over enamel surface. Future studies should be conducted to investigate the effect of BioSilicate application on enamel surface using different protocols.
